Trophoblast migration within the endometrium and uterine vasculature is essential for normal placental and fetal development. We previously demonstrated that macaque trophoblasts express the chemokine receptor CCR5 and that this receptor mediates trophoblast migration toward RANTES (regulated upon activation normal T-cell expressed and secreted). In the present paper we have used primary cultures of early gestation macaque trophoblasts to test the hypothesis that tobacco smoke inhibits trophoblast migration as the result of dysregulation of the RANTES/CCR5 chemotactic axis. Early gestation macaque trophoblasts were incubated in the absence or presence of cigarette smoke-conditioned medium (CSM). Cell migration was quantified using migration chambers. CCR5 and G protein receptor kinase 2 (GRK2) expression was measured by immunofluorescence microscopy and Western blotting. cAMP levels were measured by enzyme-linked immunosorbent assay. Trophoblast migration toward RANTES was reduced when cells were incubated in CSM. Trophoblasts also showed reduced expression of CCR5, increased levels of cAMP, and increased expression of GRK2. Finally, the secretion of RANTES by uterine endothelial cells was reduced by exposing the cells to CSM. These results support the idea that cigarette smoke constituents inhibit directional trophoblast migration by causing increased desensitization of trophoblast CCR5 and inhibiting the secretion of RANTES by endothelial cells.
Implantation in human and nonhuman primates is accompanied by invasion of the endometrium by extravillous cytotrophoblast cells Blankenship et al., 1993a,b; Enders and Blankenship, 1997; Enders and King, 1991; Fisher and Damsky, 1993; Pijnenborg et al., 1981) . Migratory cytotrophoblasts also penetrate the uterine vasculature and eventually reach the spiral arteries, which they remodel (Blankenship et al., 1993b) . Invasive trophoblasts show increased expression of b1 and a1 integrins and downregulation of b4 integrin compared to villous trophoblasts (Aplin, 1993; Damsky et al., 1994; Soghomonians et al., 2002; Zhou et al., 1997) . We have shown that trophoblast attachment to endothelial cells involves aVb 3 (online) and b 1 (online) integrins Thirkill and Douglas, 1999) . These integrins are also involved in trophoblast migration in vitro (Damsky et al., 1994; Douglas et al., 1999) .
While several factors have been shown to be involved in facilitating trophoblast migration, the factors that regulate directional migration are poorly understood. Sato et al. (2003) showed that human first trimester trophoblasts migrated toward the chemokine RANTES (regulated upon activation normal T-cell expressed and secreted; CCL5) and that migration was mediated by the chemokine receptor CCR1. We have demonstrated that macaque trophoblasts express the chemokine receptor CCR5 and that this receptor mediates trophoblast migration toward RANTES (Thirkill et al., 2005) . In addition we showed that RANTES induced the expression of trophoblast b 1 (online) integrin and that RANTES was expressed by uterine endothelial cells in the macaque. Chemokines and seven-transmembrane G protein-coupled chemokine receptors are well established as regulators of leukocyte chemotaxis and are also believed to play a role in regulating cell migration during developmental processes (Bonecchi et al., 1999; Fernandis et al., 2004; Firtel and Chung, 2000; Foxman et al., 1997; Rodriguez-Frade et al., 1999; Roth et al., 1995) . Therefore, their involvement in the control of directional trophoblast migration is not unreasonable.
Exposure to cigarette smoke during pregnancy is associated with low birth weight, premature delivery, early pregnancy loss, perinatal mortality, and ectopic pregnancy (Shiverick and Salafia, 1999) . Toxins present in cigarette smoke affect placental and uterine vascular function and can also alter fetal and placental cell function (Demarini and Preston 2005; Everson et al., 1986; Myers et al., 1996; Sanyal et al., 1993) . Smoking subjects the fetus to hypoxia brought about by the transplacental passage of carbon dioxide and nicotine (Soothill et al., 1996) . Adverse effects on fetal development and pregnancy outcome may also be related to effects of tobacco smoke components on trophoblast migration. This could be due to direct effects on trophoblast cells and/or to effects on extraneous factors that regulate migration. Villous explants from human chorionic villous samples showed reduced trophoblast cell column formation and reduced trophoblastic outgrowth when exposed to nicotine (Genbacev et al., 1995) .
In the present paper we have tested the hypothesis that trophoblast migration is disrupted by the effects of tobacco smoke constituents on the RANTES/CCR5 chemotactic axis. The results show that trophoblast migration toward RANTES is reduced when the cells are incubated in cigarette smoke-conditioned medium (CSM). The cells also showed reduced expression of CCR5, increased levels of cAMP, and increased expression of G protein receptor kinase 2 (GRK2). Finally, the secretion of RANTES by uterine endothelial cells was reduced by exposing the cells to aqueous cigarette smoke extract. These results support the idea that cigarette smoke constituents inhibit trophoblast migration by causing increased desensitization of CCR5 and by inhibiting RANTES secretion by endothelial cells.
MATERIALS AND METHODS
Trophoblast isolation and culture. All procedures involving animals were performed in accordance with the National Institutes of Health Guide for the Care and Use Laboratory Animals and under the approval of the University of California, Davis, Animal Care and Use Committee. We have previously described in detail a procedure used to isolate trophoblast cells from term (165-day) macaque placentas (Douglas and King, 1990) . The same procedure was used in the present case to isolate cells from 40-to 60-day placental/ endometrial tissue. Yields were approximately 8 3 10 6 cells/g tissue. The cells were subjected to an additional purification step using immunomagnetic microspheres coated with anti-HLA antibodies (Douglas and King, 1989 ). This step removes contaminating HLA-positive cells leaving pure (i.e., 100% cytokeratin positive, HLA-ABC/DR negative, vimentin negative) trophoblast cells. FACS analysis of this purified trophoblast population revealed that 75% of the cells were b1 integrin positive, consistent with migratory trophoblasts (Soghomonians et al., 2002) . Trophoblasts were routinely cultured in Ham's/ Waymouth's medium (50:50, vol/vol) containing 10% FetalPlex (Gemini Bioproducts, Woodland, CA).
Endothelial cells. Human uterine microvascular endothelial cells were purchased from Clonetics Corporation (San Diego, CA). Endothelial cells were maintained in Endothelial Basal Medium-2 (EBM, Clonetics Corporation) supplemented with human recombinant epidermal growth factor, human fibroblast growth factor, vascular endothelial growth factor, ascorbic acid (vitamin C), hydrocortisone, human recombinant insulin-like growth factor, heparin, gentamicin, amphotercin, and 10% FetalPlex. Cells were plated into eight-chamber LabTek slides that had been coated with type I rat tail collagen (BD Biosciences, Bedford, MA). Cells were not used beyond passage 9.
Cigarette smoke-conditioned medium. Research cigarettes (1R4F; Tobacco and Health Research Institute, University of Kentucky, Lexington, KY) were smoked in a chamber under conditions to generate sidestream cigarette smoke. The smoking chamber has been described previously (Teague et al., 1994) . The concentration of total suspended particulates ranged from 70 to 112 mg/m 3 . Nicotine levels were 1.25-10 mg/m 3 . For trophoblast experiments, 200 ml of serum-free culture medium (Ham's/Waymouth's) was placed in the chamber and exposed to smoke for 6 h at room temperature to produce stock CSM. Smoke was not bubbled through the medium. Smoke-conditioned media were stored at 4°C and used within 2 weeks. For experiments, smokeconditioned media were diluted with unconditioned medium containing FetalPlex (10% final concentration) or bovine serum albumin (BSA; 1% wt/vol, final concentration) as appropriate. For endothelial cell experiments, EBM (Clonetics Corporation) was exposed to cigarette smoke as above. The ''stock'' medium was then diluted using fresh EBM and supplemented with FetalPlex (10%) or BSA (1%, for serum-free conditions). Preliminary studies established that when diluted to concentrations of 25% or less, CSM was not cytotoxic to cells (based on the release of lactate dehydrogenase (LDH) and by DNA content/cell cycle analysis).
Trophoblast migration assay. This was performed essentially as described previously Thirkill et al., 2005) . The lower surfaces of FluorBlok migration chamber filter inserts (8 lm; BD Biosciences) were coated by placing the inserts on top of 70-ll aliquots of culture medium containing recombinant human RANTES (500nM; R&D Systems Inc., Minneapolis, MN) for 2 h at room temperature. The inserts were removed and allowed to air-dry after which nonspecific sites on both surfaces of the filter were blocked by soaking in 1% heat-denatured BSA. Control inserts received only the BSA coating. The inserts were placed in a cluster dish. The possibility that RANTES bound to filters could subsequently dissociate and generate a soluble gradient was considered. When RANTES-coated inserts were incubated in culture medium, less than 13% of the bound chemokine was detected by enzymelinked immunosorbent assay (ELISA) in the culture medium after 24 h. Thus, solid-phase RANTES is the major source of RANTES to which the cells are exposed under our culture conditions. Early gestation macaque trophoblasts were labeled with Calcein-AM (Invitrogen, Carlsbad, CA) as we have described previously Thirkill et al., 2005) , and 100,000 labeled cells were then added to the upper chambers. The cells were incubated for 24 h at 37°C in the presence or absence of CSM, and then the entire cluster dish containing the inserts was placed in a fluorescence plate reader (Cytofluor 2300, Millipore, Billerica, MA) and the level of fluorescence in the lower chamber was measured. FluorBlok filter inserts do not allow fluorescence in the upper chamber (i.e., nonmigrated cells) to be measured. Fluorescence in the lower chamber therefore provides a direct measure of the extent of cell migration which was expressed as a percentage of the total fluorescence of the input cells. To control for chemokinetic migration, some trophoblasts were incubated in inserts that contained an equal concentration of soluble RANTES (12nM) in both the upper and lower chambers.
Immunocytochemistry and image analysis. Rabbit polyclonal antibodies against CCR5, CCR1, and CCR3 (sc-13950, sc-7934, and sc-7897) and a polyclonal antibody (sc-562) against human GRK2 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). A polyclonal antibody against cytokeratin (pan) was purchased from Zymed (San Francisco, CA). Alexa Fluor 488-labeled goat anti-rabbit Ig was purchased from Molecular Probes (Eugene, OR).
Cells in LabTek culture chambers were fixed and permeabilized in ice-cold methanol then stained with primary antibody. Primary antibodies were detected using Alexa Fluor 488-labeled goat anti-rabbit Ig. Antibody controls in which cells were incubated with nonimmune rabbit Ig were always included. Stained cells were examined using a Nikon Eclipse E800 epifluorescence microscope. Multiple images from random fields were captured using an Optronics DEI750 CCD camera and Q-Imaging software. Identical exposure and brightness level settings were used for test and control samples.
For image analysis, captured digitized images were imported into Simple PCI software (Compix Inc., Imaging Systems, Cranberry Township, PA) to determine levels of antibody-associated fluorescence intensity as we have described previously (Thirkill et al., 2004) . The software was calibrated using the InSpeck fluorescence Image Intensity Calibration Kit (6-lm beads; Molecular Probes). Relative cellular fluorescence intensity in samples was determined by reference to a standard curve generated using the calibration beads. Cells were contoured using the software and the mean pixel density normalized to cell area was calculated. Background fluorescence (determined using cells incubated with control immunoglobulin) was subtracted from sample fluorescence values. The area-normalized fluorescence was taken as an indicator of expression. Four microscope fields (at least 50 objects/field) were analyzed for each sample well, and experiments were repeated three times. . The cells were then lysed on ice by the addition of Mammalian Protein Extraction Reagent (Pierce Biochemicals, Rockford, IL) supplemented with 1% Protease Inhibitor Cocktail (Sigma-Aldrich Co., St. Louis, MO). The lysate was homogenized by repeated passage through a 27-gauge needle, then mixed with an equal volume of Laemmli sample buffer (BioRad Laboratories, Hercules, CA) containing 5% b-mercaptoethanol and heated in a boiling water bath for 5 min. The samples were immediately chilled on ice and loaded onto sodium dodecyl sulfate-polyacrylamide gels (Gradiopore; 8%, Promega, Madison, WI) at 20 lg protein/lane. After electrophoresis the proteins were transferred to a nitrocellulose membrane (BioRad Laboratories). The membrane was blocked for 1 h in 1% nonfat dried milk solution. For analysis of CCR5, the blocked membrane was incubated overnight with a goat anti-CCR5 antibody (ab1673; Abcam Inc., Cambridge, MA), then washed and incubated with donkey antigoat IgG labeled with horseradish peroxidase (HRP) (Santa Cruz Biotechnology). For analysis of GRK2, the membrane was incubated overnight with a rabbit antibody against human GRK2 (Santa Cruz Biotechnology), washed, and then incubated with a goat anti-rabbit IgG labeled with HRP (Pierce Biochemicals). After further washing, the membrane was incubated with chemiluminescent substrate (SuperSignal West Dura; Pierce Biochemicals) for 5 min at room temperature. The membrane was then exposed to an x-ray film (Pierce Biochemicals). Scanned images of exposed x-ray films were analyzed using Kodak 1D gel analysis software. Band densities were obtained and corrected for background. Densities of bands of interest were expressed relative to the density of a loading control (either tubulin or GAPDH, detected using monoclonal antibodies from Chemicon (Temecula, CA) and Santa Cruz Biotechnologies, respectively).
RANTES assay. Endothelial cells were incubated under serum-free (EBM-BSA) conditions for 24 h and preincubated in CSM (also serum free) for 30 min after which the cells were stimulated with TNF-a (25 ng/ml) and IFN-c (10 ng/ml) for 24 h. RANTES in cell culture supernatants was then assayed using an ELISA kit (Quantitkine DRN00B, R&D Systems). Results are expressed in picograms of RANTES per microgram of cellular protein. Typical values for RANTES in our endothelial cell culture media before protein normalization ranged from around 80 to 500 pg/ml, depending on treatment.
To ensure that CSM was not directly affecting RANTES stability, a standardized amount of RANTES was incubated in the presence or absence of CSM (25%) (and in the absence of cells) for 24 h at 37°C. Measurement of RANTES levels by ELISA confirmed that RANTES levels did not change with time and were unaffected by incubation in CSM (results not shown).
cAMP assay. Cells were incubated in the presence or absence of CSM for 24 h. For the last 3 h, serum-free conditions were used. 3-Isobutyl-1-methylxanthine (IBMX; 0.5mM) was added for 30 min followed by forskolin (5lM) for 30 min. RANTES (100nM) was then added and the incubation continued for different times as indicated in the figure legends. The cells were then lysed and cAMP was measured using a chemiluminescence-based ELISA kit purchased from Applied Biosystems (Foster City, CA). cAMP levels were calculated in picomoles of cAMP per microgram of cell protein and then expressed as a percentage of the cAMP level in the presence of forskolin alone.
Cell viability assays. LDH activity in culture supernatants was determined using the fluorescence-based CytoTox-ONE kit obtained from Promega Corporation(Madison, WI). LDH activity is expressed in arbitrary fluorescence units.
Apoptosis was assessed by DNA content/cell cycle analysis (Hotz et al., 1994; Ormerod, 1992) . In this procedure, propidium iodide is used to stain DNA in permeabilized cells. A cell cycle profile is then obtained by flow cytometry. Apoptosis is established by an increase in the number of subdiploid (A0) cells at the expense of the G0/G1 population. Briefly, after experimental treatments, cells were fixed in ice-cold ethanol, washed, and then incubated with DNA extraction buffer (Hotz et al., 1994) . The cells were then incubated with propidium iodide (Sigma Chemicals, St. Louis, MO) followed by RNase A (Worthington Biochemicals, Lakewood, NJ). Cell cycle profiles were then obtained by flow cytometry using ModFit software (Verity Software Inc., Topsham, ME) and TreeStar software (Portland, OR). Results are presented as the percentage of cells in the subdiploid (A0) and G0/G1 populations. A positive control consisted of cells in which apoptosis was induced by incubation with hydrogen peroxide (500lM).
Statistical analyses. Experiments were repeated at least three times. Trophoblast cells were isolated from three different placentas and were not pooled. Data were analyzed by unpaired t-test or two-way ANOVA using the Prism software program (GraphPad Inc., San Diego, CA). Differences were considered significant if p < 0.05.
RESULTS

CSM Inhibits Trophoblast Migration
As we reported previously (Thirkill et al., 2005) , trophoblasts show little or no directional migration when soluble RANTES is present at an equal concentration in both the upper and lower compartments of in vitro migration chambers (Fig. 1A , left column) but do show significant migration to the lower chamber when only the underside of the filter is coated with RANTES (Fig. 1A) . The results in Figure 1A also show that migration toward RANTES was reduced in a concentration-dependent manner when the cells were incubated with different dilutions of CSM. Using 25% CSM, migration was significantly (p < 0.05) reduced by almost 70% compared to the control. Trophoblast viability, as assessed by LDH release, was not significantly compromised by exposure to CSM (Fig. 1B) . Also, incubation in 25% CSM did not induce significant trophoblast apoptosis (Table 1) as measured by DNA content/cell cycle analysis.
CSM Reduces CCR5 Expression by Trophoblasts
Since macaque trophoblast migration toward RANTES requires expression of the RANTES receptor CCR5 (Thirkill et al., 2005) , we next examined the effect of CSM on the expression of this receptor. Trophoblasts were incubated in CSM for 24 h, and CCR5 expression was assessed by immunofluorescence microscopy. Compared to control cultures ( Fig. 2A) , cultures exposed to CSM (Fig. 2C) had reduced CCR5 immunofluorescence. Figure 2E shows the immunoglobulin control. Image analysis (Fig. 2G ) of micrographs from several experiments confirmed that CCR5 staining was significantly reduced (p ¼ 0.0161) by 23% in cells exposed to CSM. Reduced expression of CCR5 when cells were incubated in CSM was also demonstrated by Western blotting analysis of cell lysates from control (Fig. 2H, lane 1) and CSM-treated (Fig. 2E, lane 2) trophoblast cultures. Densitometric analyses of the bands from several experiments are shown in Figure 2I and confirm that CCR5 protein levels were significantly reduced in cells exposed to CSM compared to controls.
Since RANTES can bind to CCR1 and CCR3 in addition to CCR5, we examined CCR1 and CCR3 expression by macaque trophoblasts using immunofluorescence microscopy (Fig. 3) . The level of fluorescence in CCR1-and CCR3-stained cultures TROPHOBLAST MIGRATION 559 (Figs. 3A and 3C ) was compared to that of CCR5 (Fig. 3E ) and an immunoglobulin control (Fig. 3G) . CCR1-and CCR3-associated immunofluorescence was low and similar to the immunoglobulin control (Fig. 3G) , suggesting little or no expression of these receptors in macaque trophoblasts.
We previously showed that RANTES causes an upregulation of trophoblast b1 integrin expression (Thirkill et al., 2005) and that this integrin is involved in trophoblast adhesion and migration Thirkill and Douglas, 1999) . In order to determine whether the CSM-mediated inhibition of trophoblast migration involved alterations in b1 integrin expression, cells were preincubated in CSM and then exposed to RANTES for 24 h after which levels of b1 integrin were quantified by Western blot. No effect of CSM on b1 integrin levels was found (results not shown).
CSM Abrogates the RANTES-Mediated Reduction in cAMP Levels
While the effect of CSM on trophoblast CCR5 expression was significant, it was modest. We therefore sought to determine whether other aspects of CCR5 function were affected by CSM. Binding of RANTES to CCR5 results in activation of Gai and subsequent inhibition of adenylyl cyclase and reduction in cellular cAMP levels (Ling et al., 1999; Myers et al., 1995) . To determine whether the effects of CSM were associated with alterations in RANTES-promoted G protein signaling, trophoblasts were preincubated in the presence or absence of CSM after which RANTES was added and cAMP levels were measured. cAMP levels were increased 17-fold over basal levels by forskolin in control trophoblast cultures (results not shown). As expected, RANTES attenuated the forskolin-induced cAMP accumulation in a time-dependent manner (Fig. 4, lower curve) . After 10 min, RANTES had significantly reduced the accumulation of cAMP by almost 50%. However, preincubation of the cells in CSM abrogated the RANTES-mediated decrease in cAMP levels (Fig. 4 , upper curve). After 10 min incubation with RANTES, cAMP levels were only reduced by about 10% under these conditions. ANOVA posttesting showed that none of the cAMP values for cultures exposed to CSM were significantly different from the zero time point (forskolin alone), whereas cAMP levels in cultures incubated in the absence of CSM were significantly different (Dunnett's test, p < 0.05) from the zero time point at 10, 15, and 30 min. Note. Trophoblasts were incubated in the presence or absence of CSM (25%) for 24 h. Another culture was incubated in the absence of CSM but in the presence of 500lM hydrogen peroxide. The cells were then processed for DNA content/cell cycle analysis as described in the Materials and Methods. The percentage of subdiploid (A0) and diploid (G1/G0) cells was determined by flow cytometry. Total events counted ranged from 22,520 to 29,590; total modeled events ranged from 11,165 to 11,573. Results are mean values from two separate experiments. 
THIRKILL, VEDAGIRI, AND DOUGLAS
GRK2 Expression Is Increased after Incubation of Trophoblasts with CSM
As with other G protein-coupled receptors, CCR5 function can be regulated by G protein-coupled receptor kinases (GRKs) and in particular GRK2 (Oppermann, 2004) . We therefore asked whether the expression of GRK2 was altered by incubation of trophoblasts in CSM. The immunofluorescence images in Figure 5 show that trophoblasts incubated for 24 h in CSM (Fig. 5C ) had increased GRK2 staining compared to untreated control cells (Fig. 5A) . Figure 5E shows cells stained with normal rabbit IgG. Corresponding phase-contrast images (B, D, and F) are also shown beneath each fluorescence image. Quantitation of the fluorescence in multiple images from several experiments by image analysis confirmed the visual impression and suggests that GRK2 expression was significantly increased (p < 0.05) by about 1.6-fold in CSM-treated (Fig. 5G) . A significant increase (2.5-fold) in GRK2 expression in CSM-incubated cells compared to control cells was also demonstrated by Western blot analysis of trophoblast cell lysates (Figs. 5H and 5I ).
Cigarette Smoke Extract Inhibits the Secretion of RANTES by Uterine Endothelial Cells
We have previously shown that uterine endothelial cells express RANTES (Thirkill et al., 2005) and suggested that this could serve to regulate the directional migration of endovascular trophoblasts. It was therefore of interest to determine the effect of CSM on endothelial RANTES production. When uterine endothelial cells were incubated in the presence of CSM, the secretion of RANTES in response to TNF-a/IFN-c was significantly reduced compared to untreated control cultures (Fig. 6 ). Endothlelial cell viability as assessed by DNA content/cell cycle analysis was not affected by incubation in 25% CSM for 24 h (results not shown).
DISCUSSION
The results presented here show that CSM disrupts the trophoblast chemotactic response to RANTES. The inhibitory effect of CSM correlated with decreased trophoblast CCR5 expression, increased expression of GRK2, and abrogation of the RANTES-mediated decrease in cellular cAMP levels. We previously demonstrated that macaque trophoblasts migrate toward RANTES in vitro and that migration was dependent on the expression of CCR5 and was not due to chemokinesis (Thirkill et al., 2005) . The results presented here confirm the directional, nonchemokinetic, migration of trophoblasts toward RANTES. Because RANTES is predominantly bound to the filter of the migration chamber insert, we conclude that migration is haptotactic under our culture conditions. However, a small chemotactic component cannot be ruled out due to the low amount of RANTES dissociation from the filter. On the basis of these observations and the fact that RANTES is expressed by human and macaque endometrium (Altman et al., 1999; Hornung et al., 1997 Hornung et al., , 2001 Sato et al., 2003; Thirkill et al., 2005) , we suggested that CCR5/RANTES plays a role in regulating trophoblast migration within the endometrium and endometrial vasculature during early gestation. This migratory activity is essential for the establishment of a blood supply to the developing placenta and fetus. The present observations suggest that some of the adverse effects of exposure to cigarette 
FIG. 4.
Effect of CSM on trophoblast cAMP levels. Trophoblasts were incubated in the absence or presence of CSM (25%) for 24 h and then incubated with IBMX (0.5mM) and forskolin (5lM) for 30 min followed by RANTES (100nM) for different times as indicated. At each time point, cAMP levels were measured in cell lysates as described in Materials and Methods. Results (means ± SEMs, n ¼ 4) are expressed relative to cAMP levels in the presence of forskolin alone. In the presence of forskolin alone the cAMP level was between 0.41 and 0.65 pmol/lg protein after 30 min (zero time point), representing an approximately 17-fold increase above the basal value. Two-way ANOVA showed a significant effect of treatment (F 1,5879 ¼ 23.9, p < 0.0001) and time (F 5,951 ¼ 3.86, p ¼ 0.0067) on cAMP levels. 562 THIRKILL, VEDAGIRI, AND DOUGLAS smoke on pregnancy outcome may be related to cigarette smoke-mediated disruption of RANTES-directed trophoblast invasion via haptotactic and/or chemotactic mechanisms. Disruption of invasion would result in placental dysfunction and impairment of fetal development. The soluble components in cigarette smoke responsible for inhibiting trophoblast invasion are not known at this time. While cigarette smoke contains thousands of different chemicals, many of these are not water soluble. An analysis of the water-soluble fraction of cigarette smoke revealed 479 components (Schumacher et al., 1977) .
Studies with other cell systems indicate that tobacco smoke or tobacco smoke constituents variously inhibit or stimulate cell migration. For example, nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone stimulated the migration of lung carcinoma cells (Xu and Deng, 2004) , whereas sidestream whole tobacco smoke or cigarette smoke extract inhibited the migration of fibroblasts (Nakamura et al., 1995; Wong et al., (Bridges and Hsieh, 1986) . The mechanism by which CSM inhibits trophoblast migration is clearly important. The inhibition of trophoblast migration toward RANTES was associated with reduced expression of the RANTES receptor CCR5. Given its wellestablished role in leukocyte chemotaxis (Fine et al., 2001; Oppermann, 2004) and its involvement in trophoblast migration (Thirkill et al., 2005) , reduced expression of CCR5 would be consistent with dysregulation of migration. Thus, reduced CCR5 expression would limit the cell's ability to respond to the chemotactic stimulus presented by RANTES. However, while the reduction in expression under our in vitro conditions was statistically significant, it was modest (about 23% of control values). Nonetheless, it must be remembered that the effects of chronic exposure to cigarette smoke constituents on trophoblast CCR5 expression in vivo may be greater than the effects observed here.
Tobacco smoke has been found to stimulate or inhibit the release of chemotactic factors from different cell types (Masubuchi et al., 1998; Shoji et al., 1995) , but we are unaware of any reports of the effects of tobacco smoke on chemokine receptor expression. The mechanism by which CSM reduces CCR5 expression is not known at this time. CCR5 expression can be regulated at several levels. For example, expression of CCR5 at the cell surface can be reduced by increasing the rate of receptor endocytosis (Mueller et al., 2002; Oppermann et al., 1999) . CCR5 expression can also be regulated at the transcriptional level (Percherancier et al., 2001; Saccani et al., 2000) .
While we cannot discount increased endocytosis as a potential mechanism, our Western blot data suggest that total CCR5 protein levels are decreased. Further studies will be required to determine whether this is the result of decreased synthesis or increased degradation. If the results found here for trophoblasts extend to other chemokine receptor-expressing cells, then they might help explain other toxic effects of cigarette smoke both within the pregnant uterus and other organs.
Studies with other cell systems indicate that RANTES activates inhibitory G proteins with resultant inhibition of adenylyl cyclase and stimulation of migration (Aramori et al., 1997; Fine et al., 2001) . On the other hand, increased cAMP levels are associated with inhibition of monocyte chemotaxis (Aramori et al., 1997; Fine et al., 2001 ) and with inhibition of trophoblast migration (McKinnon et al., 2001) . The observation reported here that CSM prevents the RANTES-induced reduction in cAMP levels is therefore consistent with the disruption of RANTES/CCR5-coupled G protein signaling and inhibition of migration.
Agonist-dependent activation of CCR5-mediated G protein signaling is followed by agonist-dependent CCR5 desensitization which uncouples G proteins and limits further signaling (Oppermann, 2004) . CCR5 desensitization can involve the phosphorylation of CCR5 mediated by GRKs and particularly GRK2 (Aramori et al., 1997; Mueller and Strange, 2004; Oppermann, 2004) . Our results show that incubation of trophoblasts in CSM results in increased expression of GRK2. We speculate that this increase in GRK2 expression causes enhanced CCR5 desensitization, loss of G protein activation, and inhibition of migration. The absence of RANTES-induced reduction in cAMP levels in trophoblasts exposed to CSM (as discussed above) is consistent with enhanced CCR5 desensitization. The idea is also supported by the observation that overexpression of GRK2 in smooth muscle cells is associated with increased CCR5 desensitization and inhibition of chemotaxis (Peppel et al., 2002) . Reduced expression of GRK2 in T lymphocytes is associated with increased migratory activity (Vroon et al., 2004a) . In contrast, deficiency of GRK6 was associated with ''increased'' neutrophil chemotaxis and ''decreased'' lymphocyte chemotaxis (Fong et al., 2002; Vroon et al., 2004a,b) . These, plus other recent observations, suggest that different GRKs may catalyze phosphorylation of G-protein-coupled receptors at different sites and so elicit different functional responses (Willets et al., 2003) . How these different effects are coordinated in cells expressing several GRKs is not known. To our knowledge GRK expression has never been examined in human or macaque trophoblasts. Based on the results presented here, further studies on the regulation of GRK activity in trophoblasts are warranted.
The inhibitory effect of CSM on RANTES secretion by uterine endothelial cells suggests an additional way in which cigarette smoke constituents could dsyregulate trophoblast migration. We have shown that trophoblast migration toward FIG. 6 . Effect of CSM on RANTES secretion by uterine endothelial cells. Uterine endothelial cells were incubated in the absence or presence of CSM (25%) for 24 h after which the culture supernatants were removed and assayed for RANTES as described in Materials and Methods. Results are expressed as means ± SEMs from three separate experiments and have been normalized to cell protein amount. The asterisk indicates that the value was significantly different ( p < 0.05) from the control. Typical values for RANTES in our culture media before normalization for cell protein ranged from around 80 to 500 pg/ml, depending on treatment.
RANTES in vitro is dose dependent (Thirkill et al., 2005) and so diminution in RANTES secretion by endothelial cells (or by stromal cells) would be expected to reduce trophoblast migratory activity. RANTES is known to function as a haptotactic factor by virtue of its ability to bind to cell-surface glycosaminoglycans or to extracellular matrix (Kuschert et al., 1999; Proudfoot et al., 2003) . It also functions as a chemotactic factor (Bonecchi et al., 1999; Franitza et al., 1999) . Inhibition of RANTES secretion by cigarette smoke constituents could reduce both its haptotactic and chemotactic properties. Previous studies demonstrated that a cigarette smoke condensate inhibits or stimulates the secretion of some cytokines and chemokines by human aortic endothelial cells (Nordskog et al., 2005) . While RANTES was not included in this study, the secretion of another CCR5 ligand, MCP-1, was reduced by the cigarette smoke condensate. On the other hand, the secretion of MCP-1 was increased in lung fibroblasts exposed to cigarette smoke condensate (Sato et al., 1999) , and lung epithelial cells showed increased secretion of MCP-1 and unidentified chemotactic factors (Masubuchi et al., 1998; Shoji et al., 1995) . While we have not tested this, another possibility is that cigarette smoke constituents reduce the production of RANTES by other cells within the uterine stroma. This could reduce interstitial trophoblast invasion.
In summary, the CSM-mediated inhibition of RANTESdirected trophoblast migration and the CSM-mediated inhibition of RANTES secretion by uterine endothelial cells described here suggest two, not necessarily mutually exclusive, means whereby cigarette smoke constituents could adversely affect trophoblast migration within the uterus. These effects could contribute to the negative effects of cigarette smoking on pregnancy outcome.
